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PREFACE. 
Boiling heat transfer to water at atomspheric pressure 
wa:s studied in two helical coils with diameters of 9.86 in. 
and 20.5 in. The coils were constructed from 10 ft. lengths 
of 5/8 in. o. D. x 0.492 in. I .. D .• Inconel 600 tubing. The 
heat was supplied electrically. The ranges of liquid flow 
rate and heat flux studied were 77-306 lbs/hr and 19,000-
81,000 Btu/(hr)(sq ft), respectively. Exi:t qualities·up 
to 50 °F superheated vapor were covered. 
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CHAPTER I 
INTRODUCTTON 
Because of its practical importance, boiling inside 
conduits. under forced or natural circulation has been 
studied by many investigators. Howeve~, nearly_~ll these 
studies have dealt with; boiiing in straight tubes. In view 
of the meager information available on·boilihg in coils and 
in view of the mult~tude of conditions .and variables which 
could be investigated, the aim of the present work was to 
study experimentally the entire range of the vapor quality. 
Also, the rangE3s of the liquid feed rate and heat flux were 
to be extended to the.limits of the capacity of the systemo 
It .was felt that a rather broad approach would reveal 
some interesting characteristics of this geometry and in-
dicate areas of future research which mig};lt be missed if the 
scope of the work were narrower. The system outlet pressure 
was 9 however, atmospheric in all the experiments 11 and only 
two coil diameters were investigated. 
Boiling in a coil offers advantages in applications 
wher_e the boiler product is to be 100 per _cent vapor, namely~ 
(1) Once=through boilers to generate high quality 
steam for,the secondary recovery of petroleum 
oils~ In this application it is desirable to 
1 
vaporize as much of the feed water as .feasible. 
The problem of water conditioning to avoid ex-
cessive solids deposition_on the tube wall has 
been resolved in practice. 
2 
(2) Vaporizing rocket fuels such as liquid hydrogen~ 
Here the fuel cools the engine as· .it evaporates. 
In a straight passage the transition from a wetted 
wall to a dry wall con,gitton 1 and a subsequent 
sharp rise in the wall temperature, occurs at 
approximately 70 to 80 p<er oent vapor quality. 
In a coil this transition is delayed considerably; 
therefore, the lgw wall temperature can be main-
tained over a larger portion of the passage. 
(3) Boiling in the absence of a gravitational. field~ 
In this case the strong self-induced radial 
aocele~~tion assures the contact of the liquid 
with the heating surface. 
The various modes of flow and heat transfer which occur 
in a. straight vertical tube ar~ reviewed in the following 
discussion and shown in Fig. 1=1. With a subcooled liquid 
entering the ,tube, bubble nucleation may be absent in the 
entrance section. Low heat flux, high liquid velocity, and 
high subcooling favor the single-phase mode of heat transfer. 
As the liquid proceeds through t1:l.e tube a radial as well as 
longitudinal temperature profile develops such that the 
liquid near the wall attains a temperature greater than that 
of the bulk liquid. 
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Fig. I-1. Various Regimes of Flow and Heat Transfer in a 
Straight Vertical Tube (Adapted from (5)) 
3 
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At some point bubble nucleation beginso As the bubbles 
grow and extend themselves into the colder region away from 
the wall, they transfer their latent heat to the cold liquid 
and collapse with no net generation of vapor~a mode vari-
ously known. as "subcooled nucleate boiling," "local nucleate 
boiling 1 11 or 91 su:rface nucleate boiling." If a sufficiently 
high-heat flux is imposed, it is possible to have subcooled 
film boiling. 
When the bulk of the liquid reaches ·its saturation 
temperature~ saturated nucleate l;>Qiling begins and net vapor 
is produced. At low vapor rates there will be individual 
bubbles flowing with the continuous liquid phase. This is 
the bubbly flow regime. As the vapo·r flow rate in.creases, 
the bubbles agglomerate and give rise to the plug flow 
regime where the diameter of the individual slugs of vapor 
becomes comparable to the tube diameter. 
At higher vapor rates the c--ore of the tube will be 
occupied mainly by the vapor and the liquid flows upward on 
the wall, but some liquid is entrained in the vapor core 
as droplets. In this regime=the annular flow regime~the 
heat transfer through bubble nucleation and growth gradually 
diminishes .until the mechanism becomes principally _  convection 
with the resistance to heat transfer being in the liquid 
film. 
At still higher vapor rates, all the liquid becomes 
entrained in the vapor phase in the form of fine droplets. 
This is called the mist flow regime. The 1iquid is brought 
in contact with the wall by means of turbulent eddies . 
.Any given spot on the surface is intermittently wetted 
by the liquid whereupon the liquid vaporizes and leaves 
the surface dry. Hence this region is also called the 
liquid-deficient region. The wall temperature fluctuates 
and rises until it reaches the Leidenfrost temperature, at 
which point the liquid can no longer wet the surface. 
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Beyond this point the heat transfer mechanism is that 
of convection to a gas, al though liquid droplets .. are still 
present in the gas stream. As a result, the vapor is super-
heated and the transfer of heat from the vapor to the liquid 
droplets causes their gradual evaporation. 
In the liquid~deficient region the rate of heat transfer 
is limited by the hydrodynamics of the system; therefore if 
the heat flux is constant throughout the tube, as would be 
the case with uniform electrical heating, and if the heat 
generated is in excess of the heat transferred, then the 
wall temperature must rise until a heat balance is estab-
lished. Since the gas heat transfer coefficient is small, 
this temperature rise may · be quite substantial, if not 
actually causing physical burnout. 
Conditions in a coil differ from that of a straight 
tube in several respects, the most important of which is 
the presence of a self- induced radial acceleration. Let 
us first consider the flow of a single-phase fluid in a 
helical coil....;,..a coil of constant radius of curvature . The 
fluid on the wall of the tube is at rest. The fluid near 
the axis of the tube has a maximum velocity; therefore it 
is most strongly acted on by the centrifugal force which 
tends to throw the fluid outward. This fluid is replaced 
by the fluid around the wall moving inwaro,. The net result 
is a secondary flow=a pair of symmetrical recirculation 
p~tterns~superimpos~q on the main flow (see Fig. I-2). 
This effect will be invoked later to present a picture of 
the liquid flow pattern when boiling takes place in a coil. 
Concave 
side 
Convex 
7 
Axis of 
Helix· 
Secondary 
~~flow pattern 
Fig. I=2. Secondary Flow in a Coil 
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Due to the presence of the centrifugal force 11 the 
pattern and the extent of the two=phase flow and heat trans-
fer regimes outlined above are modified in a coil. In 
particular, the mist flow regime is suppressed and the 
transition from slug .flow to annular flow occurs earlier 
than in a straight tube. 
At first it seems plausible that the liquid should run 
on the concave side of the tube and the vapor on the convex 
7 
side. If this were the flow pattern, the convex. side heat 
transfer coefficient should be of.the order of that of vapor 
flowing in the coil tube. However 1 the measured ·temperatures 
and the heat transfer coefficients obtained from them in-
dicate that this is.not the case. 
CH.APTER II 
SURVEY OF LITERATURE 
There is very little previous information on boiling 
in a coil, although there are a numbe'r of publications on 
heat transfer to and friction of a single-phase fluid :Ln 
such geometry. 
Two-Phase Heat Transfer 
Hendricks and·· Simon' (16)_ investigated heat transfer 
to sub=critical (two=phase), supercritical, and gaseous 
hydrogen in electrically-heated curved tubes at pressures 
·of 100 to 600 psia, heat fluxes of 5.2 x 105 to 1.8 x 106 
Btu/(hr)(sq ft), and radii of curvature of 2 to 7.5 inches. 
The qualitative results which they obtained were as followsi 
The heat trans'fer coefficient on the concave side can be as 
much as three times that on the convex side f0r the flow of 
near-critical hydrogen; two times that for gaseous hydrogen~ 
Their near-critical and two-phase data indicated that the 
coefficient on the convex side was somewhat lower than that 
of a straight tube under similar conditions. 
Carver et al. (3) conducted boiling experiments with 
I . 
water at 2600 psia in e,lectrically-heated helical coils of 
16 and 65 inches in radius an~ tube inside diameter of 
8 
0.42 inch. Their main purpose was to obtain data on the 
departure from nucleate boiling (DNB) in coiled tubes, 
particularly by comparison with that for a straight tube. 
Their results indicated that (1) the DNB steam quality was 
different for different positions around the circumference 
while being the same in a straight vertical tube; (2) a 
coiled tube has a higher average DNB steam quality than 
9 
a straight tube; (3) departure from nucleate boiling is more 
gradual and the fluctuations in temperature are much lower 
in a coil than in a straight tube; (4) DNB steam quality 
for the small coil is higher than the large coil; (5) in-
creasing the mass velocity increases the DNB steam quality. 
Yudovich (36) experimented with boiling water and 
n-hexane in a helical coil made of !-inch copper tubing 
with a coil radius of 3 ! inches. Heating was effected 
by immersing the coil in a steam bath. He observed that 
for n- hexane runs and for water runs in the flow range of 
5.1 to 17.5 lbs/hr the temperature of the superheated vapor 
le.aving the coil increased with flow rate. At higher water 
flow rates, and partial vaporization of the feed, the 
average heat flux for the entire coil increased from 
4,660 Btu/(hr)(sq ft) at 34.5 lbs/hr to 6,400 Btu/(hr)(sq ft) 
at 63.0 lbs/hr and then decreased to 4,360 Btu/(hr)(sq ft) 
at 113.5 lbs/hr . 
No attempt was made by the above authors to correlate 
the local heat transfer coefficient as a function of their 
system parameters. 
10 
Single-Phase Heat Transfer 
The study of heat transfer to single-phase fluids in 
coils dates back to 1925 when Jeschke (19) cooled air flowing 
up to Re= 150,000 in two coils,having ratios of coil to 
tube diameter of 6.1 and 18~2. He correlated his data by 
Nu= (0.039 + On)a8) Re0.76 
Kirpikov (21) obtained data on four coils with D/d 
ratios of 10 to 18 and correlated his data in the range 
of Re= 104 to Re= 4.5 x 104 by 
Nu Pr-0 •4 = 0.0456 Re0 •8 (d/D) 0 •21 
· The heat:''transfer co.efficients were obtained using the 
temperature difference between the wall and the bulk. The 
properties were evaluated at the arithmetic average of the 
bulk temperature of the fluid at inlet and outlet. The 
heating agent was condensing steam. 
Seban and McLaughlin (32) tested two electrically-
heated coils with D/d ratios of 17 and 104 under laminar 
and turbulent conditions. They correlated their data in 
the turbulent range by 
Nu Pr-0 •4 = ~ Re 
where f is the friction factor for a helical coil. The 
physical iproperties were evaluated at the film temperature. 
They noticed that the ratio of the heat transfer coefficient 
on the concave side to that of the convex side was of the 
.order of two for turbulent flow while this ratio was higher 
in laminar flow. 
Rogers and Mayhew (28) conducted heat t~ansfer and 
pressure drop experiments with water in turbulent motion 
in helical. coils heated by steam. Their results are only 
slightly different from Seban and McLaughlin°s. Kubair 
11 
and Kulor 0 s (24) experiments were in the laminar range in 
helical and spiral coils. Wattendorf (33) obtained ex= 
perimental data on waJ.l shear stress and velocity distri-
bution when an incompressible fluid was flowing in a curved 
channel of rectangular cross=section. Kreith (23) used 
Wattendorfvs data and, from the analogy between momentum 
tra.t;lsfer and heat transfer, derived an expression for the 
Nusselt number for a curved surface; his derivation agrees 
with his experimental results of heat transfer fro~ a 
curved surface. 
lelated Work 
Rippel et al. (27) investigated isothermal pressure 
dropj hold-up and axial mixing in a helical coil of 8 inches 
in diameter made of i=,inch tubing. They studied the air= 
water system as well as others. Although their pressure 
drop data could be represented by the Lockhart=Martinelli 
(25) correlation, it was evident that the liquid rate was 
: a parameter resulting in separate lines lf.ithin the over~all 
correlation~an effect knovm previously ( see discussion by 
Gazley and Bergelin at end of (25), J:~ased on data of ( 18)). 
The liquid hold=up tell below the Lockhart-Martinelli 
correlation. Axial mixing diminished with increasing 
12 
ratios of gas to liquid rate. 
Koutsky and Adler (22) studied axial mixing in helical 
coils and noticed progressively stronger peaking of the 
residenc.e time distribution curve with increasing Reynolds 
number, indicating increasingly stronger secondary flow 
effects. 
Among other works related to the subject are successful 
attempts by Gambill et al. (12) to increase the burnout 
heat flux in a straight tube by inserting twisted metallic 
tapes in the tube to cause a swirling motion. Gambill and 
Green (1.3) achieved higher burnout heat fluxes by giving 
the liquid a vortex motion just before its entrance to the 
tube. 
The effect of gravitational and radial acceleration 
on boiling has been studied by several investigators, 
e.g. Costello and Adams (6). Although there are conflicting 
results, most of them indicate that, other variables re-
·maining constant, the heat flux increases approximately 
in proportion to the i power of the acceleration. 
CH.APTER III 
EXPERIMENTAL SYSTEM 
.. f" 
Forced convection boiling experiments were performed 
with water in two helical coils. The system e~it :pressure· 
w~s :J:i.tmospheric in both c.ases. A schematic diagram of tlle 
system is shown in Fig. III-1. The general arrangement 
of the apparatus is shown in Figs. III-2 and III-3. 
The Coil 
D ~1~/o 
I • 
Two coils with radii of 4.93 and 1q.28 inches, measured 
to. the .tube .axis, were studied both of which were made·of. 
10--foot lengths.of 5/8-inch O. D. cold-drawn sea.naJ.ess tubing 
with a wall thickness of 0.068 inch. Inconel 600· was. 
selected for the coil material because of its high electrical 
' .... 0 
resistivity and its high melting range of 2500-2600> F. 
The coil was mounted with its axis in the vertical direction. 
Heat was generated in the coil by passing a regulated DC· 
current through it. The source of power was an AC-DC mo·tor-
. generator·, Lincolnweld SA-750, with a nominal capacity of 
25 kilowatts output. 
The electrodes were made of copper 'bars and were brazed 
to the co:t.l. The coil was electrically insulated from the; 
13 
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Fig. III-1. Schematic Diagram of the System 
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Fig. III-2. General Arrangement of the Apparatus, Front View. 
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rest of the system by inserting a short piece of silicone 
rubber tubing at each end of the coil. The resistance of 
the small coil was 0.0382 ohms and that of the large coil 
0. 0388 ohms. The electrical resistivity of Inconel 600 varies 
0 only 0.7 per cent over the range of 200 to 300 Fo This 
and other properties of Inconel 600 are tabulated in 
App·endix D. 
The coils were cold=formed and then stres s-relieved in 
a molten salt bath for three hours at 1400 °Fo The tube 
was slightly flattened during bending as evidenced by the 
measurements of its major and minor diameters. However, 
no crimping was visibleo The dimens ions of the coils are 
listed in Table III=1 . 
TABLE III-1 
COIL DIMENSIONS 
Coil diameter, inches center=to=center 
Straight tube outside diameter 9 inch 
Smal.!, Qill. 
9086 
Oo629 
Straight tube inside diameter 1 inch 0.492 
Coiled tube major outside diameter~ inch 0;637 
Coiled tube minor outside diameter, inch 
Distance betwee~ turns, inches center= 
to- center 
Ratio of coil diameter to straight tube 
inside diameter 
Heated length of coil, feet axial 
Distance between thermocouple stations 1 * 
feet axial 
0.619 
20.0 
9 • .35 
1.00 
k,arge Coil 
20057 
Oo629 
0.4-92 
Oo631 
I 
0.625 
4L8 
9. 35 
LOO 
* For both coilsj the first thermocouple station was 1.10 ft 
(axial) from the inlet electrode~ 
After the thermocouples and the electrodes were 
connected to the small coilv a box was formed around the 
coil and filled with Vermiculite insulating material~a 
free=flowing granular form of expanded micao The large 
coil was insulated with glass wool and then covered with 
aluminum foilo 
Auxiliaries 
18 
Distilled water was drawn from a 5=liter glass container 
by means of a centrifugal pump and passed through a rota-
meter and a fine wire=mesh fil tero A sliding;=vane pump 
was used as booster pump capable of developing a head of 
60 psi o Since the tolerances in the latter pump were very 
small, the filter was to guard against any metal chips 
reaching the pumpo The maximum capacities of the rota.meter, 
the vane pump, and the centrifugal pump were 200? 500 1 and 
500 lbs/hr waterjl respectively. The effluent of the booster 
pump was sent to a shell·=and=tube heat exchanger to preheat 
the feed to the desi.red temperature by condensing steam. 
The preheated ·water was introduced to the coil. where 
i t was partially or totally vaporized. The vapor=liquid 
mixture was passed through a cyclone separator made of 
glasso The vapor was condensed in a shell=and=tube heat 
exchanger. The unvaporized portion of the feed 1 cooled 
by a double=pipe heat exchanger~ and the condensate were 
returned to the feed tank through separate lines. All the 
lines and the pumps were made of copper 1 bronze~ or brasso 
Measuring Devices 
The outside wall temperature of the coil was measured 
by iron-constantan thermocouples made of 20-gauge wire and 
cemented to the wall with Sauereisen cement. The thermo-
couples were electrically insulated from the coil by 
providing a thin layer of cement between the thermocouples 
and the coil. This was found necessary in order to avoid 
interference from the cucrent in the coile 
The thermocouples were attached in such a way that 
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they would rest on the coil ·for a distance of a;b.out 1 i inches 
in order to minimize the conduction of hea.t away .from the 
thermocouple junction. The thermocouples were held in 
place with clamps before applying the cement. 
There were nine longitu~inal thermocouple stations at 
intervals of one foot. At each station four thermocouples 
were installed around the circumference, each 90 degrees 
apart; therefore a total of 36 thermocouples measured the 
coil temperature. The numbering system of the thermo-
couples was as follows~ Stations along the coil were 
numbered one through nine starting from the coil inlet. 
The four circumferential locations were numbered clock-
wise one through four, one being on the top of the tube 
(see Fig. III-4). Therefore, number 34, for example, 
refers to the thermocouple spaced three feet from the 
inlet and 270 degrees from the vertical position. 
It should be noted that the coil axis was vertical 
4 
Outer 
side 
(Concave 
side) 
Fig. III-4. 
2 
Axis of 
helix 
Inner side 
(Convex side) 
Circumferential Arrangement of Thermocouples 
at Each of Nine Longitudinal Stations 
and the inlet at the bottom. Th,e No. 2 location will be 
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referred to as the convex side and the No. 4 as the concave 
side. 
The thermocouples were brought to selector switches 
and then to the potentiometer. The selector switches were 
enclosed in a box to maintain a uniform temperature at 
the switches. A steam bath was used for the reference 
junction in all the temperatur.e measurements o Since the 
saturation temperature was calculated from_pressure measure= 
ments 1 the changes in the atmospheric pressure would cause 
an error in the saturation te~perature •. The purpose of the 
steam 9ath for the reference junction was to avoid this 
error, which could be as much as 2 °F. Considering that the 
primary interest was in the difference between the wall 
temp:e_rature and the saturation temperature, this procedure 
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was felt satisfactory, although a more conventional method 
would be to use ice for the reference junction and measure 
the atmospheric pressure in each run. Small errors resulting 
from the present m.ethod of temperature measurement are 
dis.cussed. in Appendix H. 
The inlet pressure of the system was measured with a 
mercury manometer as well as a strain gauge pressure 
transducer~Consolidated Electrodynamics Corporation 
Model 4-316-001. Pressures along the coil were measured 
with the manometer only. The transducer was used to detect 
pressure oscillations. It had a range of 0-50 psig and an 
output of 0-20 millivolts. The transducer circuit is 
shown in Fig. III-5. 
rans..rua.cE I 1 = input 
white I I 
I I 5K I o-+-1 ~~;,----=~~~__,, 
f i 
___ _j 
2 = output 
blue 
4 
Fig. III=5. Pressure Transducer Circuit Diagram 
The output of the pressure transducer was recorded on 
an 18-channel oscillograph, a Consolidated Electrodynamics 
Model 5-124. The sensing elements in these oscillographs 
are D'Arsonval=type galvanometers which deflect a light 
beam on a photo-sensitive paper. The extent of deflection 
is propor,tional to the input current rather than its 
voltage; therefore each galvanometer had to·be calibrated 
for a given circuit resistance •. 
The output of the various thermocouples could also be 
recorded on the oscillograph. The specifications of the 
galvanometers u,sed for recording the pressure and the 
temperature are 1iste.d in Appendix J. 
The other temperatures that were measured were the 
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water temperature at the coil inlet and the vapor temperature 
after the cyclone separator. 
The current intensity was measured with a Weston Model 
931 ammeter in conjunction with a shunt having a range of 
0-750 amps DC. The current potential was measured with a 
Weston Model 931 vol tme,ter having a rang~_ of 0-50 vol ts DC. 
These meters were calibrated by the,manufacturer. 
CH.APTER IV 
EXPERIMENTAL PROCEDURE 
Calibration of Thermocouples 
The thermocouples were first calibrated against a 
platinum resistance thermometer certified by the National 
Bureau of Standards. The iron-constantan thermocouples and 
the N,,B .. S., thermometer were placed in a silicone oil constant 
temperature bath and compared at 200, 260, 320, and 420 °F. 
The maximum deviation from the NoB.,S., thermometer was always 
less than 1 °F and usually much less. 
When the thermocouples were installed on the coil it 
was noticed that these calibrations did not hold. This was 
attributed to the conduction of heat through ,the· thermocouple 
wires and to the limited area of contact between the thermo-
couples and the coil surface. Therefore, a new set of 
calibrations was obtained by bleeding steam through the coil 
and making measurements after one hour and after 24 hours. 
There was no noticeable difference between the readings 
after one hour and after 24 hours. 
In order to make appropriate corrections for temper-
atures higher than 212 °F, it was assumed that the deviation 
from the true reading was due to conduction in the wires 
23 
which in turn was proportional to the difference between 
the thermocouple junction temperature and the ambient 
temperature. Thus it was assumed that the thermocouple 
correction was also proportional to this temperature 
difference. In this manner every thermocouple had its 
own correction depending on its temperature. The 
calibrations of the thermocouples at the atmospheric 
condensing temperature of steam are shown in Appendix I. 
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Since the great majority of the data were taken below 
300 °F, and since the original calibration of the thermo-
couples against the NoBoS .. thermometer showed small devi~ 
ations, it is felt that the above procedure caused a max-
imum error of 0.2 °Fin the measurement of the coil surface 
temperature. 
The calibrations of the thermocouples were periodically 
checked; only thermocouple No. 94 of the small coil showed 
a changing calibration with time so that near the completion 
of the runs it had a calibration of =0.145 millivolts. When 
the coil was removed it was noticed that this thermocouple 
had separated from the surface of the coil. All the other 
thermocouples appeared intact .. · At this time it was also 
noticed that thermocouple No. 74 was cemented somewhat away 
from its intended position and closer to No$ 73, which 
explains the fact that this thermocouple gave consistently 
low readings. 
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Oscillograph Calibration 
Since the gal va.rwmeters in the oscillograph are current 
sensitive, their deflection was adjusted by varying the 
circuit resistance. Calibration was accomplished by intro-
ducing a known voltage, the output of a thermocouple in this 
casey which was read on the potentiometer. An arrangement 
was provided for the thermocouple output to be fed to the 
galvanometer through two parallel circuits~one for the 
high temperature range and one for the low. The low range 
circuit caused the light beam to be deflected 0.1 inch per 
O.OJ millivolt while the high range circuit gave the same 
deflection per 0.1 millivolt. 
The output of the pressure transducer was fed to a 
separate galvanometer and the circuit resistance was 
adjusted such that ·1 .0 psi caused the light beam to be 
deflected 0.1 inch. 
Rota.meter Calibration 
The rotameter had a range of 0=,200 pounds water per 
hour. It was calibrated by measuring the volume of water 
collected in a graduated cylinder over a period of time_ 
and measuring its temperature. The rotameter calibration 
is shown in Appendix I. 
It was discovered, however, that the rotameter cali-
bration changed as much as 2 per cent due to the changes 
in the water temperature. It was decided to use the 
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rota.meter as a guide only and to measure the flow rate by 
timing the effluent for every run. The flow rate measure-
ment was usually repeated three times and averaged. Its 
repeatability was always within 1 per cent and usually 
within 0.5 per cent. 
Execution of Runs 
The runs were started by setting the pump by-pass 
valve to give the desired flow rate. Fine adjustments 
were made later in the run. The generator voltage had a 
tendency to drift back in the beginning of the run. For 
this reason it usually required 1 ! hour~ of time to warm 
up and maintain a steady voltage. The feed water temper-
ature was adjusted by regulating the pressure of steam to 
the preheater. Care was taken to maintain the water pressure 
in the preheater above its saturation pressure. 
The thermocouple outputs as well as the pressure trans-
ducer output were read on a Leeds and Northrop Mod.el 8686 
potentiometer. These voltages were recorded on the oscill-
ograph in some runs. 
The inlet pressure of the coil was read on a U-tube 
mercury manometer. After the temperature measurements were 
made on the small coil, the thermocouples were removed and 
1/32-inch pressure taps were drilled in the coil at stations 
1, 3, 5, 7, and 9 on the top of the tube, i.e., location 
No. 14 An additional hole was drilled at the location No. 4 
of st~tion No~ 9. These pressures and the inlet pressure 
were read on the mercury manometer at the same power input 
as when temperature measurements were made. 
All the temperatures were read twice to assure steady 
state conditions. Some runs were repeated after several 
weeks to see if the results changed due to surface aging; 
no change w~s noticed. 
The water was occasionally analyzed for its oxygen 
content. Since us~ally 1 ~ hours of boiling preceded any 
temperature measurement and since the total system hold-up 
was only 6 liters, less than 2 ppm oxygen was found in the 
water. 
The system was drained and refilled with distilled 
water several times prior to the first run and a few times 
thereafter in order to minimize the solids content of the 
water. 
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CHAPTER V 
EXPERilVIENTAL RESULTS 
In this chapter·the experimental results on heat trans-
fer to single-phase water in the laminar and turb.ulent 
regimes, subcooled boiling, two-phase heat transfer, two-
phase pressu.re drop, and the stability of the two-phase 
system are presented in the above order. In the next 
chapter, the two=phase heat trans.fer and pressure drop 
data are correlated and discussed. 
Single-phase Heat Transfer 
The stabilizing effect of the secondary.flow is to 
delay the transition from laminar to turbul~nt flow. Ito (17) 
recommends the following formula for the onset of turbulence 
in a helical coilg 
4 d 0$32 (Re)cr = 2 x 10 (D) (V=1) 
According to this formula the critical Reynolds number for 
the small coil should be 7660 and for the large coil 6060. 
One run. with each coil was made with water in laminar 
flow, the results being plotted in Figs. V.;...1 and V-2. In 
both cases subcooled boiling occurred near the exit where 
the inside wall temperatures were 214-220 oF. This gave 
rise to higher heat transfer coefficients for these points. 
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In order to be well wi thi.n the laminar regime, the water 
velocity was kept low~Oo33 ft/sec in both runse As a result» 
natural co:riv·ection had a significant effect as evidenced by 
the low values of the heat transfer coefficient at the top 
of the tube (poi.nt 1) compared. to the bottom of the tube 
(point 3)o The difference between the heat transfer co= 
efficients for the points 2 and 4 is not as large here as 
reported in (32). 
The values of the circumferential average heat trans-
fer coefficient calculated from,'. these runs were about three 
times the asymptotic values predicted from Seban and McLaugh-
lin0s (32) equationg 
' (Pr) = 1/3 = Oo 13 [ f (Re) 2 J 1/3 (V-2) 
which is based on experimental values obtained from laminar 
. . 
flow of liquids having a Prandtl number of 100-657. In 
the above equation f is the friction factor calculated 
from White 0 s formula (34) g 
~s = ~-i~ ~ ( Re ck>DY! )°" 45 ) 2 022 T1 (V-3) 
where ~ . ~ ~ r~-~~ Frict~ ~ 
... ___.. vO 
The large discrepancy is perhaps due to natural convection 
' 
and the substantially lower Prandtl number of water, in 
which range no correlation is available o 
Runs 22, 25 9 a.n.d 125 were performed with water flowing 
in the turhulent regime. The _results of Runs 25 9 .. n.d 25 
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are shown in Figs. V-3 and V-4, respectively. The ratio of 
the heat transfer coefficient of point 4 to that of point 2 
is approximately 2.8 for the small coil and 2.2 for the 
large coil. Again, subcooled boiling first occurs at points 
1 and 2 in Run 125. In Run 25 the wall temperature was 
always below 212 °F; therefore, no subcooled boiling could 
talce place. A significant entrance effect is noticed for 
point 4 of the small coil. 
The circumferential average heat transfer coefficients 
calculated for the two coils agree well with the data of 
Seban and McLaughlin (32) and Rogers and Mayhew (28), both 
of which were correlated by 
Nu= 0.023 Re0 •8 Pr0.4[Re 1120 (~)1/10] (V-4) 
where the liquid properties were evaluated at a film 
temperature defined as the average of the bulk temperature 
and the circumferential average temperature of the wall. 
The mean deviation of the circumferential average heat 
transfer coefficient in the turbulent runs from the values 
predicted by Eqn. (V-4) was approximately 5 per cent. 
Subcooled Boiling 
Runs 24 and 124 were conducted under higher heat flux 
than the single- phase runs. Thus, at some points along the 
coil the inside surface temperature was sufficiently above 
the saturation temperature for subcooled boiling to talce 
place. As in the previous runs, subcooled boiling first 
occurs at points 1 and 2 and later at 3 and 4 (see Figs. 
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V-5 and V-6). 
The heat transfer coefficient in these runs is based 
on the temperature difference between the wall and the 
mixed mean liquid temperature~bulk temperature. The fact 
that the calculated heat transfer coefficient for point 1 
is less than that of point 3 at the entrance to the coil can 
be explained by the influence of natural convection which 
tends to maintain a higher local liquid temperature near 
the top of the tube. Further downstream the liquid temper-
ature becomes sufficiently high to allow bubble growth on 
the surface; since the local liquid temperature is higher 
near the top of the tube, bubble growth is enhanced and the 
result is a higher heat transfer coefficient for point 1 
compared to the others. 
Two-phase Heat Transfer 
The experiments in this category, which constitute the 
main part of this investigation, were intended to cover as 
large a range of vapor quaiity as feasible. The liquid feed 
rate and the heat i nput were arranged in such a way that the 
exit quality would be the same in certain runs as shown in 
Figs. V-7 and V-8. Runs 18, 19, and 20 were made at 
increasingly higher exit qualities until the exit vapor was 
48 degrees superheated in Run 20. Similarly, the exit vapor 
in Run 120 was 50 degrees superheated. Runs 11, 12, 15, 10, 
9, and 13 were unstable, i.e., the system pressure and 
temperature oscillated with a definite period. .. 
Run 24 
Water feed rate: 316 lbs/hr 
Average heat flux: 33,700 Btu/(hr)(sq ft) 
-J%i 
0 
...._,,. 
-..p 
ct-I 
~1400t--~~-t-·~~-- -+--
~ 
-F-1 
~12001----~,4-~~~--1 
~ 
.p 
~ 10001---~~-t-~~-~~-1-·~~+~--,<-t--~~~~+-~~-~ 
.. 
-P 
s:l 
-~ 8001------+--.-..---+-
C) 
·rl 
ct-I 
ct-I 
Q) 
0 
C) 
~ 400 2 
ct-i 
Ul 
m F-1 200 ------------- -------------- ------------------·---- -·--·----- --·------+------+ 
.p 
.p 
c.u 
Q) 
::i:: 
Oi--~~-'-~~~~_,_~~~~_.__~~~~~~~_. 
0 1 2 3 4 5 6 7 8 9 
Axial distance from coil inlet,·. ft 
Fig. V-5 Subcooled Boiling in Small Coil 
36 
240 
230 
220 
J%i 
0 
210 .. 
- Q) 
s 
..p 
200 cd 1'-1 
Q) 
Pi 
El 
190 Q) E-i 
.......... 
r:'r-i 
0 
-.......... 
.p 
ct-I 
O' 
, 37 
Run 124 
Water feed rate: 308 lbs/hr 
Average heat flux: 34,200 Btu/(hr)(sq ft) 
----,260 
--------J_ - -1-- ·-+--I ------1200 o~ 
.. · ..;,~::'5~ · -'-------' 180 . j 
/~ d 
.. r . - 160 H Ql 
~ 
Q) 
~ 1400 !----/-· E-t 
.......... 
~ 
.. 1000 
.p 
~ Q) 
·r-1 
C) 800 t----· 
·r-1 
ct-I 
'H 
Q) 
0 
C) 
I 
7 8 
Axial distance from coil inlet, ft 
Fig. V-6 Subcooled Boiling in Large Coil 
9 
38 
~ 8000 12,600 20,400 32,200 51,000 81, 000 w 
0 0 G . ', 31 
32% 50% 80% 
49 G 0 @) 
unstable -
) .32% 50% 80% ., 
78 0 0 0 @®@ 
32% 50% 80% 
124 (3 G) 0 G 
32% 50% 80% 
197 @ @ 0 0 
32% 50% 
306 
(0 
Notation: 
Flux: average heat input based on inside surface 
area, Btu/(hr)(sq ft) . 
Flow: liquid feed rate, lbs/hr 
Circled nwnbers refer to run numbers. 
Numbers below circles denote exit steam quality. 
Fig. V-7 Plan of Runs For Small Coil, 
Saturated Boiling Runs 
39 
~ 8 ,ooc 12,600 20,400 32,200 51,000 81,000 Flow 
31 
49 
78 e ® @@) 
5~ 8~ 
(§) (§ 8 124 32% 500/o 
197 
@ (§ 8 
32% 
Notation: 
Flux: average heat input based on inside surface 
area, Btu/(hr)(sq ft) 
Fl.ow: liquid feed rate, lbs/hr 
Circled numbers refer to run numbers. 
Numbers below circles denote exit steam quality. 
Fig. V-8 Plan of Runs For Large Coil, 
Saturated Boiling Runs, 
@ 
80% 
8 
5~ 
40 
The results of Runs 4, 104, 16, 116, 19 1 119 11 20, 120, 
and 21 are presented in this chapter in graphical form as 
representative runs (Figs. V=9 through V=17)o The data for 
all the runs are reported in Appendices E and F. The 
circumferential average heat transfer coefficients for all 
the stable runs for the small coil are shown in Fig. V=18 
and for the large coil in Fig. V=19o 
Near the coil inlet, in generalp the heat transfer 
coefficient was hi~est for point 2 and lowest for point 4. 
This is due to the varying extent of nucleate boiling around 
the circumference. Because of the deformation of the tube 
in bending,the wall thickness and heat generation are highest 
at point 2 (see Appendix A). Therefore, point 2 has the 
highest radial heat flux and inside wall temperatureo The 
higher wall temperature gives rise to a larger nucleate 
boiling component at point 2 compared to the other three 
points. Since the nucleate boiling heat flux is proportional 
to.6..Ta, where a is usually larger than two 11 the heat trans.fer 
coefficient for point 2 is higher than the other points, even 
though its AT is the highest of the fouro 
At approximately 2 feet from the inlet, often the heat 
transfer coefficient went through a minimum. This was 
particularly true of point 2. This behavior was thought 
to be a result of the suppressing effect of turbulence on 
nucleation, ~ausing a drop in the nucleate boiling .component 
while not enhancing the convective component to a comparable 
extent. The total heat transfer is assumed to consist of a 
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nucleate boiling contribution superposed on the forced 
convective heat tra.nsfero 
. . 
,. 
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As vaporization. proceeds and greater turbulence is 
created, nucleate boiling is suppressed and the heat trans-
fer mechanism becomes predominantly convective. There are 
evidences in support of this argument. For example, one 
can find conditions in different runs such that AT and 
the liquid flow rate are nearly the same, while the heat 
transf~r coefficients are much higher at higher vapor 
rates ( see Table V=1 ). In Table V-1 the vapor velocity 
and the liquid Re are bo~h based on the total oross-
sectional __ area of the tube. 
TABLE V=1 
EFFECT OF VAPOR VELOCITY ON 
HEAT TRANSFER COEFFICIENT 
Run Thermocouple 1 T h Vapor Liquid 
- No. · F Btu/hr ft2oF · Velocity Re 
ft/sec 
27 44 9. 5 1790 55 5010 
7 54 9.5 2940 104 4720 
8 54 10. 1 4320 143 4460 
16 64 9.8 7070 232 3110 
The values in Ta'ble V=1 all refer to the concave side~ 
point 4. 
Wattendorf (33) has shown that in single=phase flow of 
a fluid in a curved channel of rectangular cross=section, 
the shear stress on the concave wall (as seen by the fluid) 
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was higher than the convex wall. By analogy to momentum 
transfer, the resistance to heat tr~sfer is expected to be 
less at the concave wall than the convex wall. In the 
' 
author's experiments, the heat transfer coefficient for 
point 4 was the highest of all at moderate and high vapor 
velocities. Point 4 had the highest heat transfer co-
efficien.t in single-phase turbulent runs, also. 
The heat transfer coefficient for all the points 
increases as more vaporization takes place until in the 
very high quality range (90-95 per cent) the coefficient 
for points 2 and 4 are still quite high, while for points 
1 and 3 they diminish and approach the values of a gas 
coefficient (see Figs. V-13 through V-16). This is 
attributed to a liquid deficiency at points 1 and 3, but 
the hydrodynamics of the phenomenon are not clear. 
As the vapor quality approaches 100 per cent, liquid 
deficiency also develops at points 2 and 4 and their 
coefficients drop rapidly also. 
Pressure Drop 
After all the temperature measurements were made, the 
thermocouples were removed from the coil and 3~ inch 
pressure taps were drilled at the top of the tube~point 1. 
One additional tap was drilled at location 94. 
Pressure measurements at the coil inlet as well as the 
points along the coil were made under the conditions of 
Runs 3, 4, 14, 27, 7, 8, 16, 28, 29, 6 and 5--all on the 
small coil. For the remainder of the runs for the small 
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coil and all the runs for the large coil, only the inlet 
pressure was measured an.d the values along the coil were 
obtained by interpolating the results of the runs enumerated 
above. This procedure was thought satisfactory for com-
putation of the local saturation temperature because the 
pressure drops for the two coils were not markedly different. 
The conditions of heat flux and water feed rate were 
duplicated for each run and the pressures were measured 
with a mercury manometer. Correction was made for the height 
of water above. the mercury. 
The results of the pressure measuremen ts.c for the small 
coil are shovvn in Fig. V-20 and their numerical values are 
listed in Appendix G. 
The pressure at location 94 was always higher than 91, 
the difference being 0~4 psi in Run 5. 
Stability 
It was noticed that under some conditions of flow and 
heat flux the system pressure would oscillate in an orderly 
fashion (Fig. V-21). Under such conditions a surge of 
vapor and liquid would periodically discharge from the coil 
during approximately one third of the cycle. After the 
surge would subside, a rather steady stream, with a higher 
ratio of vapor to liquid, would flow for the remainder of the 
cycle. Runs 11, 12, 15, 10, 9, and.13 were of this nature. 
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Fig. V-21 An Unstable Run 
Since the water feed stream was throttled from a high 
pressure of about 50 psig , t he pressure oscillations did 
not cause significant changes in the water flow rate as 
indicated by the rotameter. As the pressure oscillated, 
the temperatures would also oscillate, but with less regu-
larity. The frequency and the extent of pressure oscil-
lations for a few runs are listed in Table V=2o 
TABLE V=2 
FREQUENCY AND ~LITUDE ·oF PRESSURE OSCILLATIONS 
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Run Water Average 
'Flow Rate Heat Flux 
lbs/hr Btu/hr ft2 
Oscillation 
Period, sec 
Range of !nlet 
Pressure Oscil-
lation9 psig 
9 
10 
12 
13 
15 
48.9 
48.9 
31 .. 00 
47 .o · 
31., 00 
20, 100 
13, 000 
13j 000 
32,300 
161500 
3.0 
3.5 
3o5 
2.4 
3.0 
0.5 -- 1.2 
0.,3 
1o3 
0.3 
The variables influencing this -phenomenon were not 
studied in detail. However, the following qualitative 
results . may be ·· stated g 
1. Oscillations did not ~ppear or disappear abru.pt~y. 
Small=am.plitude pressure oscil!~tions could .be 
discerned in some runs which did not cause per= 
ceptible temperature oscillations (see Fig. V=22) .. 
2. At a given heat flux and inlet water tempera.ture, 
increasing the flow rate increased the stability 
of the system.. 
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3o At a given flow rate and inlet water temperature 7 
increasing the heat flux made the system less 
stableo For example, Runs 3, 4, and 14 were quite 
stable; Runs 18 and 19 had small pressure oscil-
lations; a::.:d Run 20 was on the verge of in-
stabil ity. 
4o At a given flow rate and heat flux ,, the less 
subcooling of the feed? the more stable the 
system was g However ~ if the feed stream con-
tained some vapor, the system stability was 
affected adversely. 
5o Some runs with small flow rates were unstable 
:regardless of th~ feed t .emperature; such were 
Ru.ns ·11 , 12 , ·1 5 9 1 O j 9·, and 13 • 
6 ~ The smaller coil was more stable than the large 
coil; whereas Run 3 for the small coil was stable, 
a corresponding sta'ble run could not be mad:e with 
the large c~il~ 
.The conclusions in .items 1, 2 j 3 j and 4 stated!. above 
are consistent with the observations of Gouse and Andrysiak 
(14) who made a detailed study of a loop containing a 
straight vertical boiling section. 
As mentionedj Run 20 was close to being unstable. In 
. this run the ratio of the heat flux to the water mass fl~ 
was 1.08 Btu/lb. However, _at lower water rates the tran~ 
sition from stable to unstable would occur at a lower value 
of this ratio. 
CHAPTER VI 
CORRELATION AND DISCUSSION OF RESULTS 
A theoretical analysis of heat transfer in two-phase 
flow is difficult due to the complex flow pattern, slip 
between vapor and liquid, the unknown condition at the vapor= 
liquid interface, and the formation of bubbles. Hence, a 
theoretical treatment of the subject has not yet been offered 
for any kind of geometry. In the following section previous 
correlations for straight tubes are presented first. 
Correlation of Heat Transfer Data 
Rohsenow (29) and others have suggested that forced 
convection heat transfer in subcooled or saturated boiling 
may be considered to be composed of two parts·=0 a nucleate 
boiling component and a convective component, each of which 
may be correlated separately. Although this concept has 
been successfully applied to some problems~ in general it 
is not clear how these two components- should be c.9mbined, 
since the two mechanisms affect each other. Agitation sup= 
presses bubble nucleation and growth$ as can be seen readily 
by stirring a boiling pot of water. It has also been shown 
(1) that at high boiling rates~ the effect of forced con= 
vection is substantially diminished. 
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Previous data on convective boiling in straight vertical 
tubes as 'well as the author's experiments suggest that at 
low vapor velocities a substantial nucleate boiling contri-
bution is present, but at high velocities the convective 
mode overshadows the nucleate boiling. 
No previous correlation for heat transfer to a two-
phase flow in coils is available. Heat transfer to a 
two-phase flow in straight tubes has been correlated as 
a function of the Lockhart-Martinelli parameter by nearly 
all the authors in this field, some of them adding a nucleate 
boiling term. This parameter is defined as the square root 
of the ratio of the pressure gradient if the liquid phase 
alone flowed in the tube to the pressure gradient if the 
vapor phase flowed by itself 
X= 
(dP/dL)l 
(dP/dL)g 
If both phases are turbulent, this parameter becomes 
, I t 1-7 t 
The Lockhart-Martinelli parameter evolved from these 
authors 1 analysis and empirical correlation of isothermal 
two-phase, two-component pressure drop data in horizontal 
tubes (25). The gas phase in their experiments was always 
air and no acceleration pressure drop was present. The 
basic postulates of this analysis are that: 
1. The pressure drop for the liquid phase is equal 
to that of the gas phase. 
2. The volume occupied by the gas plus the volume 
occupied by the liquid must equal the total 
volume of the pipeo 
In this correlation four flow regimes were recognized 
depending on whether the liquid or the vapor was in 
-· laminar or turbulent motion. 
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When adiabatic two-phase pressure drop data are plotted 
on the Lockhart=Martinelli correlation, liquid flow rate is 
seen to be a parameter within the overall correlation (see 
discussion at end of L cckh.art and. Martinelli I s paper) ,, This 
indicates that not all the variables influencing this 
phenomenon were taken into account. A second objection 
is that .a plot of the actual pressure drop data reveal dis-
cont.inui ties which are undoubtedly associated with the change 
', . 
of flow regimes. The author also noticed this effect~ wheri 
the water rate was decreased from 126 to 120 lbs/hr in 
:Run 116, the total pressure drop of the system increased 
from 9.8 psi to 10.3 psi. In spite of these shortcomings, 
the Lockhart-Martinelli correlation remains the simplest 
and perhaps the best available to·day as attested by a 
critical evaluation by Dukler (9) of the various--1&.ethods. 
The extension ·of the Lockhart-Martinelli:-type cqr .... 
relation to two=:phase heat transfer is based on the anaLo.gy 
between heat and momentum transfer. ' In the two-phase pres-
sure drop correlation, the modulus 
.,h ( dP/dL)TPF 
o/gtt = (dP/dL)t 
is correlated against Xtt• In correlating two=phase heat-
transfer., dataj in an analogous way 1 the ratio hTPF/hl is 
correlated with xtto 
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Dengler and Addoms 1 (8) heat transfer experiments were 
with two=phase flow of water in a steam-heated vertical tube 
at 8-40 psiao 
~PF __ 
ha 1 
3.5 
They correlated their data by 
where hi is the heat transfer qoefficient if the total mix-
ture were flowing in the tube as liquid. Where nucleate 
boilin~ was present, the right hand side of the equation 
was multiplied by a correction factor F. The correction 
factor F was empirically correlated as 
F = 0.67 [ (AT -AT•)(~tat • ii J 0.1 
Here AT is the' wall minus saturation temperature, AT I is 
the temperature difference to initiate nucleate boiling 
under the prevailing flow velocity r ~i is the slope 
· - sat 
of vapor pressure vs. temperature curve at the saturation 
temperature.. AT u was i.n turn given by the empirical formula 
AT 0 = 10 {V)o.3 • 
The above correction is _to be .made only when (AT 
·' Bennett et~. (2) studied heat transfer with_ two=phaae 
flow of water in an intern.ally heated annulus at pressure-s 
of 15=35 psiao Their COI'relation is given by 
(VI- 1) 
Where nucleate boi.ling was present they added the value 
predicted by Rohsenow0 s equation (30). 
Schrock and Gr ossman (31) proposed one equation to 
cover all cases g 
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hTPF , 3 ~ g/A =4 ( 1 f •6J h1-= = 7 • 3 9 x 10 Gh - + 1 • 5 x 1 0 X- . ( VI =2) fg tt 
Similar equations have been proposed by others. 
Chen's correl ation (4) is based on the assumption that 
t he convective and the boi ling components are always present , 
but the boiling col)'.lponent is suppressed more and more as 
turbulence increases. He correlates the convective component 
as a function of~. The nucleate boiling component is 
tt 
evaluated from the Fors ter~Zuber equation ( 11), .mul .t i pl ied 
by a suppression fac tor Si 
k 0 .79 c 0.45 f 0.49 g 0.25 
h O 00122 l pl _ 1 c 
mic = 0 . ==n:; 0.29 0. 24 0.24 
(J t i hfg f v . (VI-3 ) 
-
( li ';L' ) 0 • 24 ( ~ p) 0 • 7 5 s , 
where hmic is the nucleat e boil:j_ng component of the heat 
t r~sf er coefficient, ~p is the difference in vapor 
pressure, in pounds per square foot 9 corresponding . to AT~ 
and gc has the value of 4.1 7 x 108 lbm ft/ (lbf) (hr2)i 
. I 
the other symbols and their units are defined in the Nom= 
enclature. The suppression factor Sis in turn given as 
a function of a so=caJ..led two=phase Reynolds number, 
[ h ~ L 25 ~~nvj Re1 . This correlation is based on several 
sets of data with water ar.td orgar.tic compounds obtained by 
various investigators; it is the best available now. 
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To correlate the heat transfer data from the coils, it 
appeared that Xtt was still the appropriate parameter to 
choose. Since Xtt expresses the ratio of two pressure 
gradients,,the geometrical consideration disappears. 
Inherent in the Lockhart-Martinelli ar.talysis is a model 
of annular flow of liquid with a vapor core. In view of the 
strong .radial acceleration created in a coil, it is unlikely 
that an appreciable fraction of the liquid can be entrained 
in the vapor core. Although the shear exerted by the vapor 
on the liquid tends to entrain the liquid into the turbulent 
eddies, the liquid droplets are quickly deposited back on 
the wall. 
Based on the experimental measurements of the heat 
transfer coeffic-ient aroun.d the tube it was evident that a 
liquid film exists all around the tube •. This behavior was 
attrfbuted to the secondary flow. 
The secondary flow is caused by the action of the 
centrifugal force when a fluid flows in a curved path. The 
liquid near the center of the tube has the highest velocity 
and is most strongly acted on by the centrifugal force. 
This force drives the fluid from the center to the outer 
wall of the tube. This in turn induces a motion from the 
outer wall around the tube and back to the center (see 
Fig. I-2). The net result is a pair of symmetrical re-~ 
circulation patterns superposed on the main flow. 
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When a river· flows in a curved path'.9 this phenomenon 
· accounts for the increased erosion of the banks of the 
river. Secondary flow is also responsible for the higher 
friction in curved pipes compared to straight pipes. 
It is well known that the hydraulic resistance of a 
pipe bend is equivalent to several feet of straight pipe; 
and the sharper the bend, the higher the resistance. 
However, i,t is experimentally proved that only a small 
fraction of the pressure drop attributed to a bend occurs 
in the bend. itself; most of the drop takes place in the 
straight section of the pipe following the ·bend (7). This 
is because the secondary flow persists after the bend and 
the energy associated with it is gradually dissipated by 
the viscous forces in the straight tube following the bend, 
and the sharper the bend 1 the stronger the secondary flow 
and the higher the energy dissipation after the bend. 
The secondary flow develops a higher pressure at the 
concave side of the tube.compared to the other points. It 
is noticed in. Run 5~~P that the pressure at location 94 was 
0.4 psi larger than that of location 91. This pressure 
difference is equivalent to a velocity head of 278 ft/sec 
for the yapor at the existing conditions. 
The investigations of the pressure drop and heat trans-
fer in coils reported in the literatur~ have not contributed 
materially to the_ 11.nderstanding of the secondary flow.. Theo-
retical treatments of the secondary flow have dealt with the 
_., 
laminar and the inviscid case (see e.g. Hawthorne (15)). 
Therefore, an adequate knowledge of the subject has not 
yet been achieved. 
Regarding heat transfer in two-phase flow in a helix, 
the following mechanism is postulated~ A secondary flow 
exists in the vapor core of the two-phase flow. This 
secondary flow exerts a drag on the liquid and causes it 
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to flow from the outer to the inner wall of the tube, 
constantly replenishing the losses due to evaporation and 
entrainment. Liquid on the wall is subject to small radial 
acceleration effects because its axial velocity is very 
small. The vapor, being surrounded by a liquid film, is 
isothermal at its saturation temperature. At high qualities, 
when the continuous liquid film finally breaks, the remain-
ing liquid is concentrated at the stagnation points of the 
secondary flow (points 2 and 4) and the heat transfer co-
efficient at other points decreases to the pure vapor co-
efficient. 
For the purpose of correlation, only the circumfer-
ential average heat transfer coefficient was considered. 
Of the four X' s associated with the four flow regimes, 
Xtt was felt to be suitable even when the liquid Reynolds 
number was below the critical value. For two- phase flow in 
a straight tube the critical Reynolds number was arbitrarily 
set at 2000 by Lockhart and Martinelli. Since the liquid 
is not flowing by itself, this numper loses the significance 
that i t has in single- phase flow, as the authors readily 
admit. Furthermore, in a coil the transition from laminar 
68 
to turbulent is made smoothly and the difference between the 
two regimes is less pronounced than in a straight tube. 
Lastly, the Lockhart=Martinelli curve for the case of viscous 
liquid-turbulent gas regime does not -d:iffe:r rad.i cally from 
the curve for the case when both phases are turbulent. It 
should be pointed out . that the Reynolds number for each 
phase is based on the total cross=sectional area of the tube. 
Figo VI-1 is the correlation of hTPF/hlc as a function 
of Xtt for the small coil and Fig. VI=2 for the large coil. 
hlc is the value of the heat transfer coefficient if the 
liquid phase alone were flowing in the coil; it was calcu-
lated from Seban and McLaughlin's correlation for turbulent 
flow heat transfer in a coil 9, namely 
hlc = 00023 ReO·,o.8 Pr0o4 [Reo.05· (i) O. 1 J kt • (VI-4) 
This procedure implies that the resistance to heat 
transfer in two=phase flow is essentially in the liquid film. 
The physical properties of the liquid evaluated at the sat= 
uration t emperature were used to calc·ulate hlc o In each 
case the appropriate value of coil diameter was used in 
the above equati on. 
The correlation curve for the large coil is nearly the 
same as that of the small coil. 
Correlation of ·Pressure Drop Data 
The Lockhart=Martinelli method (25) was used, with a 
_modifiea~ion, to correlate the pressure drop data 9 namely, 
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~gtt 
(dP/dL)TPF 
= {dP/dL) was plotted against Xtt 
g 
(dP/dL)1 
(dP/dL)g 
The measured values of the pressure drop were the sum of 
the friction pressure drop, the acceleration pressure drop, 
and the elevation pressure dropo The elevation pressure 
drop e-0uld be approximated by the static head exerted by 
a column of fluid with a density equal to the average 
density of the vapor=liquid mixture in the coil. Based on 
the liquid hold-up data of Rippel et al. (27), it was con-
clud-ed that the hydrostatic head was usually less than 1 per 
cent of the total pressure drop; therefore, it was~egla~ted. 
In order to calculate the acceleration pressure drop, 
it was assumed that the liquid flows in an annular film. 
The volume fraction of the tube filled with liquid, R1 , 
was obtained from the experimental data in (27). Knowing 
R1 and the liquid flow rate, the .average liquid velocity 
in the film can be determined. The accelerl:l.tion pressure 
was calculated from LC} I Lt ~ drop, .6.Pa, 3 ,;;,c 
!1 G2~ 2 lA .6P - x (VI-5) + n ~ Ri} -a - gc Rl Jg 
which is derived rigorously from a momentum. balance between 
the liquid feed stream and the product stream compo~ed of 
liquid and vapor. 
The friction pressure drop, obtained by subtracting the 
acceleration pre~sure drop from the total pressure drop, was 
then plotted again.st coil length and the slope of the curve, 
~ DU- 1 
( ·~) , was determined graphically. 
TPF 
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In the Lockhart=Martinelli correlation, (dP/dL)g· rep-
resents the calculated pressure gradient if the gas phase 
alone flowed in a straight tube. This is modified here 
such that (dP/dL)g is taken as the pressure gradient if the 
vapor phase alone flowed in the coil under considerationo 
The friction factor for· the turbulent flow of fluids 
in a coil is given by Ito (17)i 
f O O 05 ( d )0 • 1 7:" = Re D 
s 
(VI-4) 
where f is the friction factor for the coil and fs is the 
friction factor for a straight tube. For a smooth straight 
tube f 8 is calculated from the 
the range of 2 . 1 x 1 o3 < Re < 
Blasius 1 equation, valid in 
105 
fs = .0791 Re- 025 l (VI-5) 
fs is the Fanning friction factor so that 
2 
dP 2f8 f U00 (VI-6) dL = g d 
c 
U,.o is the free stream veJ.oci ty. Herev Uoo was approxi-
mated by the m.ean vapor velocity based oli the total cross-
sectional area of the tube. ~herefore 1 
( *) = 2 x .0"(91 Re--0~2 (%1°" 1 f g V g2 
g gc (VI=7) 
The results of plotting tgtt vs Xtt for Runs 5, 6, 8, -14, 
16, and 29 are shown in Fig. VI=3 . The solid line is the 
Lockhart=Marttnelli correlation for turbulent gas~tur= 
bu.lent liquid system in straight horizontal tubes~ 
The results of the small coil data fall -E,tlong the 
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solid line. In the case of the large coil, only the inlet 
pressure was measured in each run; therefore no correlation 
could be attempted. The values and their scattering are 
comparable to the coil results in (27) and also comparable 
to the straight tube results reported in the literature. 
Discussion of Results 
In the low quality range 1 the high values of hTPF/h10 
indicate the presenc'e of nucleate boiling ( see Figs. VI-1 
and VI=2). An improved correlation may be obtained by 
including a nucleate boiling component which would be 
progressively suppressed as the liquid Reynolds number or 
the vapor quality is increased, as successfully applied by 
Chen (4) in the correlation of two=phase heat transfer in 
straight tubes. However, this was not done here since the 
primary purpose of this work was to gain a general. under-
standing of the problem. As such, the values obtained from 
the curve in the low quality range will be conservative for 
design purposes. 
In the medium quality range, the correlation is good. 
However~ the data scatter in the high quality range. This 
is due to the inherent difficulty of obtaining sufficiently 
accurate data in the very high quality range, e.g., one per 
cent error in the input power or liquid flow rate causes 18 
per cent error in the calculated value of Xtt when the 
quality is 95 per cent and correspondingly higher errors at 
higher quality~ Also, in this quality range the temperature 
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variation around the tube is relatively large and four 
temperature readings are not sufficient to accurately des-
cribe the temperature profile around the tube. Consequently, 
the accuracy of the calculated radial heat flux diminishes 
(see Appendix H for detailed discussion of experimental 
errors). 
The data for all liquid flow rates fall along the same 
line, and no distinction can be made between a laminar and 
a turbulent liquid phase. Even though the calculated values 
for h1 are based on turbulent flow of a liquid in a coil, 
. c 
it was found that the form of Eqn. WI-4)was still a satis-
factory non-dimensionalizing parameter for all the liquid 
Reynolds numbers encountered, some of which were close to 
10000 
Since only two coil diameters were investigated, no 
definite statement can be made regarding the effect of this 
variable on heat transfer. In Eqn. WI-4) the effect of 
coil diameter appears in the form of (d/D) 0 • 1 , the value of 
which is only 7.6 per cent greater for the small coil com-
pared to the large coil. In view of the fact that the 
results of the two coils, plotted in the manner described, 
fall essentially along the same line, it may be stated that, 
in the range of coil diameters investigated, the effect of 
the ratio of tube to coil diameter on the heat transfer co-
efficient in two=phase flow is not basically different from 
its effect in single- phase turbulent flow. 
No claim can be made concerning the extension of this 
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correlation to high pressures or to other liquids. 
Comparing the results found here with the heat transfer 
correlations of two-phase flow in straight tubes, it was 
noticed that Chen's correlation predicted about 15 per cent 
higher coefficients at low qualities and 15 per cent lower 
coefficients at high qualities. At very high qualities 
where all the sides of the tube are not wetted to the same 
extent, Chen's correlation predicts coefficients which are 
as much as three times the measured values. 
Dengler and Addoms' correlation predicts values which 
are, on the average, only 10 per cent less than the author's 
experimental values in the low and medium quali t 'y ranges. 
However at qualities above 70 per cent it predicts values 
which are 30 to 50 per cent too high until at 90 per cent 
quality its predicted values are several times the aut~or's 
measured values. It should be noted that the highest vapor 
qual.Lty in the data used in Dengler and Addoms 0 correlation, 
as well as Chen °s correlation, was 71 per cent . 
The values predicted by Schrock and Grossman are about 
20 per cent too low in the low quality range and about 60 
per cent below the measured values in the high quality range. 
The most significant feature of the helix is that it 
delays the transition from a wetted wall to a dry wall 
condition. In the experiments of Dengler and Addoms (8) on 
boiling water in a 1-inch I ~D._ steam- heated straight vertical 
tube this transiti on occurred at a vapor quality of about 
80 per cent when the flow rate was 240 lbs/hr. They observed 
77 
that, at a given flow rate, this transition always occurred 
at the same vapor quality. The transition vapor quality was 
higher at a low flow rate than at high. 
In the experiments of Woods (35) on boiling water in 
a standard 1=inch, steam-heated, horizontal copper pipe the 
transition occurred at vapor qualities of 65=85 per cent. 
No criterion has been established for the transition 
from a wet wall to a dry wall condition. In a heat flux= 
controlled system the transition is also a function of the 
heat flux$ 
In both coils the transition appears to occur at 85-90 
per cent vapor quality at points 1 and 3, while occurring at 
98=100 per cent vapor quality at points 2 and 4 (Runs 20 
and 21). It should be emphasized that these values apply 
only to the conditions of these. two tests and cannot be 
generalized~ Nevertheless, they reveal qualitatively this 
useful feature of the helixe 
CHAPTER VII 
CONCLUSIONS AND RECOMMENDATIONS 
Boiling heat transfer was studied in two helical coils 
with diameters of 9.86 and 20.57 inches made of 0.4924-inch 
bore Inconel tubing. The fluid studied was water and the 
system outlet pressure was approximately atmospheric. Two-
phase heat transfer and pressure drop were empirically 
correlated as a function of the Lockhart-Martinelli para= 
meter. Single-phase heat transfer data were compared with 
the existing correlations. Subcooled boiling data were 
presented without correlation. Observations on the system 
stability were made. 
The heat transfer coefficient is in general, quite 
high on all sides of the tube, although the heat transfer 
coefficient on the concave side of the tube is usually 
higher than the convex side. It is postulated that the 
secondary flow (see Fig. I=2) is responsible for distributing 
the liquid around the tube. 
At qualities above 80 per cent the heat transfer 
coefficient at the concave and convex sides are both high 
indicating that they· remain wetted by the liquid 1 while the 
heat transfer coefficient at the i;op and the bottom of the 
tube decreas6 gradually ,until at about 95 per cenii quality 
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they approach the value expected of a gas. The accuracy 
of the values calculated in the high quality range is not 
as good as the accuracy of those in the low and medium 
quality range. 
The highest quality at which measurements were made 
was 99.1 per cent vapor, although the exit vapor was 50 °F 
superheated steam. Even at this quality, both the concave 
and the convex sides of the tube were partially wetted. 
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The common feature of the points 2 and 4 (see Fig. III-4) 
is that both are stagnation points. However, a ,completely 
satisfactory explanation could not be offered for the above 
observation. An adequate understanding of the secondary 
flow phenomenon has not yet been achieved. 
Over most of the quality region the controlling heat 
transfer mode is convection, but a nucleate boiling com-
ponent is present at the low qualities. The nucleate 
boiling is suppressed as turbulence increases. 
To study the high quality range, a system should be 
devised where a high quality mixture is synthesized and 
introduced to the coil, thereby determining the quality 
more accurately. Also, numerous therrnocouples~as many as 
12~ around the periphery are needed to determine the 
circumferential temperature profile on the tube at high 
qualities. 
Choosing a thin wall for the tube has the apparent 
advantage of smaller circumferential conduction. It also 
has the disadvantage of steeper circumferential temperature 
gradients. Due to these opposite effects on accuracy, the 
overall results may not be substantially more accurate for 
a thin compared to a thick wall. 
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Generally, the experiments reported here were under i the 
condition of high vapor velocity and radial acceleration. 
The extension of the present correlation to high pressures 
where the vapor velocity and radial acceleration are sub-
stantially lower is not recommended. This remains an area 
of future research. Also, the important phenomenon of 
departure from nucleate boiling remains to be studied. 
The helical coil should be considered in applications 
where the total liquid stream is to be vaporized. The 
transition from a wetted wall to a dry wall , occurs at 
considerably hi gher qualities compared to a straight tube. 
The coil is a suitable device for boiling in the 
absence of gr avi ty. It also has attractive features as a 
chemical reactor where large volumes OL.vapor react with a 
liquid accompanied by a high heat of reaction such as 
chlorination reactions. It provides for very efficient 
contact and excellent heat transfer. The secondary flow 
destroys the radial concentration gradient, making it 
behave close to a plug flow reactor. 
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(2) 
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.APPENDIX A 
VARIATION OF WALL THICKNESS AND HEAT GENERATION 
AROUND THE CIRCUMFERENCE OF A COILED TUBE 
In the process of forming a straight tube into a coil, 
the concave side of the coil is stretched while the tube 
wall on the convex side is made thicker. Furthermore, the 
tube cross-section assumes an elliptical: shape. · ~he :,e:xt.ent. 
of this ellipticity depends on the method of filling and 
bending the tube as well as the rheology of the tube material. 
The ratio of the major t o the minor diameter was 0.637/0.619 
for the small coil and 0.631/0.625 for the large coil. 
If the ellipticity of the tube is neglected and if the 
bending strain does not cause a change in the density of 
the tube mater~al ; 1th~· .foll9wing relations can be written 
fl<:..7 r · ' f;. Gv·rnA ~ Ra = o (R - r ein<p )oc.- (A-1) 
Al c't..e\i\ m m 
where cc. is the angle enclosing the arc l.lllder conside~ation 
(Fig. A=1) j 5 is wall thickness at the angular position 4> , 
and cSm is wall thickness at cp = O, i.e., the wall thickness 
of the straight tube. Thus 
c r ( R ) (A~2) 
0 = 0 m R - rm sin q, 
Now consider two elements of volume each of which has 
a cross=sectional area of e and each of w~ich extends throughc, 
out the arc 0c: o The length of the element located at the 
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Fig. A-1 Variation of Wall Thickness Around 
Circumference of a Coiled Tube 
86 
angular position~ is given by 
( R - r.m sin~ ) L = Lm R 
L'ht611t -= L f 
, I _ L..,,. s~ ( A-3) 
,, !---.. - , .. T 
where Lm is the length of the element located at the angular 
position q, = 0. Since these two elements have the same 
cross-sectional area, their electrical resistance is pro-
portional to their length. Therefore, 
R = ~.t -;msin,P ) (A-4) 
The electric potential across these two elements is the 
same; so the current intensity and the power dissipated 
in these two elements are related by 
and 
Dividing 
1 = 1m(R - r! sin<i> ) 
l).-1 2 n,J I 2 ( R 
'V =,rm m R - rm sin~ 
both sides of equation (A-6) 
G =·f?n Im2 ( 
~L R 
= ~ Im2 ( 
€Lm R -
_R r s.in+ ) 
m · 
R )2 
rm s incf> 
(A-5) 
) (A-6) 
by e. L, we get 
(A-7) 
The maximum deviation of 6 from om is 5.7 per cent 
for the small coil and 2.8 per cent for the large coil. 
The maximum deviation of G from Gm is 11.8 per cent for the 
small coil and 5.7 per cent for the large coil. 
Finally, Gm is assumed to be equal to the power input 
to the coil , per unit volume, as measured experimentally. 
The fact that the tube wall is distorted must be 
88 
considered ,when calculating the circumferential average heat 
transfer coefficient; the inner wall is ,shrunk while the 
outer wall is stretched. In order to include this correction, 
albeit small, the convex side heat transfer coefficient must 
= 0.949 for the 
small coil 
= 0.975 for the 
large coil, 
while the concave side heat transfer coefficient must be 
.-.!.'·· 
= 1.051 for the v 
small coil 
= 1. 025 for th;E:l 
, large coil. 
Therefore, the circumferential average heat transfer 
coefficient for the , small coil is' calculated by 
h = (h1 + 0.949 h2 + h3 +_ 1.051 h4)/4 
and for the large coil by 
(A-8) 
(A-9) 
In the above two equations the subscripts on h refer to the 
p.ositions around the circumference. 
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